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An I n v e s t i g a t i b n  o f  t h e  D issoc ia t i on  Between Sub jec t i ve  

Measures o f  Mental Work1 oad and Performance 

Yei-Yu Yeh and Christopher D. Wickens 

b 

Abstract  

This  repo r t  describes research conducted du r ing  t h e  f i r s t  years under 

a con t rac t  from NASA Ames Research Center; Dr. Sandra Har t  was t h e  

techn ica l  monitor. The repo r t  addresses t h e  d i  ssoci a t i  on between 

sub jec t i ve  measures o f  mental workload and performance. Three gener ic 

f a c t o r s  are i d e n t i f i e d  t h a t  w i l l  d r i v e  sub jec t i ve  workload upward more 

than d r i v i n g  performance downward: Perceptual (versus response) load, an 

increased number o f  tasks, and b e t t e r  data qual i t y  . One f a c t o r ,  resource 

competit ion, i s  assumed t o  d r i v e  performance more than sub jec t i ve  

workload. The theory o f  d i s s o c i a t i o n  i s  t es ted  i n  t h r e e  experiments t h a t  

employ d i f f e r e n t  v a r i a t i o n s  and combinations o f  t h r e e  d i f f e r e n t  tasks 

( t rack ing ,  memory search, and a s imulated a i r  t r a f f i c  c o n t r o l  t ask ) .  The 

p red ic t i ons  o f  t h e  theory are genera l ly  supported by t h e  data. 

addi t ion,  var ious s u b j e c t i v e  scales of mental workload are t e s t e d  across 

t h e  experiments. 

dimensional s c a l i n g  data a re  used t o  h e l p  i n t e r p r e t  t h e  hidden c o g n i t i v e  

s t r u c t u r e  o f  task d i f f i c u l t y .  

I n  

The c o r r e l a t i o n s  between these scales and m u l t i -  

. 
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----- I n t r o d u c t i o n  

The system designer makes a m o d i f i c a t i o n  o f  an e x i s t i n g  system, 

intended t o  improve performance. 

new mod i f i ca t i on  are unanimous i n  p r e f e r r i n g  i t  t o  t h e  o l d  prototype. Yet 

performance on t h e  system i s  c l e a r l y  worse than w i t h  t h e  o r i g i n a l  version. 

Which version i s  " b e t t e r ? "  This  i s  an example o f  a d i s s o c i a t i o n  between 

workload measures. 

theory o f  d i s s o c i a t i o n  t o  i n t e r p r e t  t h e i r  source and examine t h e i r  

imp1 i cat ions.  

Operators who use t h e  system w i t h  i t s  

--- 
The f o l l o w i n g  paper i s  intended t o  present and t e s t  a 

Performance and sub jec t i ve  r a t i n g s  have both been considered t o  be 

s e n s i t i v e  workload measures (Casal i  & Wierwi l le ,  1982; Hicks & W ie rw i l l e ,  

1982; Rahimi & Wierwi l le ,  1982; W i e r w i l l e  & Gutmann, 1978; W i e r w i l l e  & 

Connor, 1983). 

means o f  measuring mental workload seems t o  be supported by a h i g h  

c o r r e l a t i o n  between sub jec t i ve  and performance measures across a wide 

range of tasks and task conf igurat ions.  

poo r l y  a re  genera l ly  descr ibed t o  be more d i f f i c u l t  (see Moray, 1982. f o r  a 

review).  However, d i s s o c i a t i o n  has been c i t e d  i n  both l abo ra to ry  

(Derr ick ,  1981; Wickens & Der r i ck ,  1981; Wickens & Yeh, 1982, 1983) and i n  

a more r e a l  wor ld  environment (Herron, 1981). 

The view t h a t  both measures are func t i ona l  l y  equi valent 

Tasks t h a t  are performed more 

The d i s s o c i a t i o n  phenomena may simply r e s u l t  from t h e  d i f f e r e n c e  i n  

t h e  natures of t h e  two measures. 

of t h e  f e e l i n g  o f  sub jec t i ve  workload (Moray, 1982), the nature of 

human performance has been thoroughly examined. W i  ckens (1980, 1984) 

concluded t h a t  t h e  human in format ion processing system i s  composed o f  

separate resources of l i m i t e d  quan t i t y .  Three dichotomous dimensions are 

important f o r  d e f i n i n g  t h e  mult id imensional  s t r u c t u r e  o f  processing 

resources. These t h r e e  dimensions are def ined by: (1) t h e  aud i to ry  vs. 

While l i t t l e  i s  known about t h e  o r i g i n  

a 
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v i s u a l  modali ty, ( 2 )  v i sua l  vs. s p a t i a l  processing codes, and (3)  

perceptual  c o g n i t i v e  vs. response-related i n fo rma t ion  processing stages. 

To examine how sub jec t i ve  workload r e l a t e s  t o  t h e  under ly ing nature 

of human performance, Der r i ck  (1981, 1984; Wickens & Der r i ck ,  1981) 

i nves t i ga ted  how t h e  two measures change as t h e  task d i f f i c u l t y  i s  

manipulated by resource cost.  

pat terns i n  t h e  t h r e e  dichotomous dimensions as def ined i n  t h e  m u l t i p l e  

resource model, i.e., i npu t /ou tpu t  modali ty, stages, and processing code. 

Resource cost  was manipulated v i a  d i f f e r e n t  

The r e s u l t s  showed t h a t  performance i n  con t ras t  t o  sub jec t i ve  

workload i s  d r i ven  r e l a t i v e l y  more by t h e  d i f f i c u l t y  o f  a s i n g l e  task 

w h i l e  sub jec t i ve  workload i s  d r i v e n  r e l a t i v e l y  more by t h e  number o f  t h e  

task  performed a t  t h e  same t i m e .  I n  t h i s  study, t h e  s i m i l a r i t y  o f  task 

d i f f i c u l t y  was a l s o  r a t e d  f o r  a l l  poss ib le  p a i r s  o f  task combinations. 

These s i m i l a r i t y  data were analyzed by a Mult id imensional  Sca l i ng  (MDS) 

method i.e., INDSCAL t o  d i sc lose  t h e  psychological  s t r u c t u r e  of task 

d i f f i c u l t y .  

s t r u c t u r e  can be p a r t i a l l y  explained by task resource compet i t ion where 

The r e s u l t  from t h i s  analys is  i n d i c a t e d  t h a t  t h e  under l y ing  

resources are def ined by stages, codes, and inpu t /ou tpu t  modal i ty.  

The correspondence between t h e  psychological  s t r u c t u r e  o f  task 

d i f f i c u l t y  and t h e  dimensions o f  resources supported t h e  view t h a t  

sub jec t i ve  workload can be understood by e m p i r i c a l l y  supported const ructs  

i n  t h e  m u l t i p l e  resource model. 

d i f f e r e n t l y  a f f e c t e d  by t h e  d i f f e r i n g  demands on t h e  resource pools. 

However, t h e  two measures may be 

Human performance i s  determined by t h e  i n t e r a c t i o n  o f  t h e  capac i t i es  o f  a 

l a r g e  number o f  d i f f e r e n t  subsystems and t h e  demand imposed upon those 

subsystems. However, demand on some subsystems may no t  be p rec i se l y  

"read" when t h e  operator  generates an i n t r o s p e c t i v e  r a t i n g  o f  mental 

work1 oad. D i s s o c i a t i o n  woul d be revealed when c e r t a i n  subsystems 
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c o n t r i b u t e  heav i l y  t o  one measure bu t  not  t o  another. For  example, t h e  

number of resources requi  red  i n  processing appears t o  be wei ghted heavi l y  

i n  sub jec t i ve  workload estimates but  on ly  marg ina l ly  con t r i bu tes  t o  

performance. Thus, when dual tasks impose demand on several resource 

pools, they are performed cons ide rab lybe t te r  than t h e i r  sub jec t i ve  r a t i n g s  

would i nd i ca te .  On t h e  other  hand, t h e  d i f f i c u l t y  o f  a s i n g l e  task may 

c o n t r i b u t e  more t o  performance than i t  does t o  sub jec t i ve  workload. I n  

t h i s  case sub jec t i ve  repo r t s  would prov ide an ove r l y  o p t i m i s t i c  view o f  

t h e  expected system demands. 

Why a re  processing c h a r a c t e r i s t i c s  "read" d i f f e r e n t l y  i n  t h e  two 

measures? A model o f  i n t r o s p e c t i v e  verbal  repo r t s  o f f e r e d  by Er icsson and 

Simon (1980) provides some clues. According t o  t h i s  model, s u b j e c t i v e  

i n t r o s p e c t i o n  r e f l e c t s  i n fo rma t ion  heeded i n  working memory. Any 

i n fo rma t ion  t o  be ve rba l l y  repor ted has t o  be i n  working memory. 

Processes t h a t  do not  u t i l i z e  capaci ty i n  working memory such as automatic 

processing w i l l  not  be a v a i l a b l e  t o  i n t rospec t i on .  Processes whose demand 

exceed t h e  maximum capaci ty  o f  t h e  memory w 

because t h e r e  i s  l ess  v a r i a t i o n  i n  resource 

condi t i  on. 

Subject ive workload est imates are t h e  

workload invo lved  i n  performing t h e  tasks.  

11' not  be accurate ly  repor ted 

m o b i l i z a t i o n  under such a 

n t  rospect i o n  o f  ment a1 

Thus, they a re  verbal r e p o r t  

data and may p r i m a r i l y  r e f l e c t  i n fo rma t ion  i n  working memory. 

p o s t u l a t i o n  conform w i t h  evidence from D e r r i c k ' s  study. 

number o f  tasks demand more resources i n  working memory t o  coord inate and 

execute t h e  processing o f  each task.  Therefore, subjects  f e e l  more loaded 

when they must perform two tasks a t  t h e  same t i m e  than when on ly  one task 

i s  required. 

var iab les t h a t  change sub jec t i ve  workload are a l s o  r e l a t e d  t o  t h e  demands 

Th is  

Inc reas ing  t h e  

I n  s tud ies adopt ing t h e  t a s k - c h a r a c t e r i s t i c  approach, t h e  
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on t h e  working memory. These var iab les i nc lude  memory load (Hauser, 

Chi ldress,  & Hart,  1982; Eggmeier, Crabtree, & Reid, 1982), r a t e  o f  

presentat ion (Hauser et .  a l . ,  1980), generat ing lead i n  a second order 

t r a c k i n g  task (Ashkenas, 1966), number o f  dec is ion a l t e r n a t i v e s  (Borg, 

1978), i n s u f f i c i e n t  data (Borg, 1978), f r a c t i o n  of a t t e n t i o n  (Hess, 19771, 

number o f  tasks to-be-processed Per processing u n i t  (Tulga & Sheridan, 

1980) etc.  When t h e  demand i n  working memory increases by h ighe r  memory 

load, f a s t  presentat ion rate,  generat ing lead, more dec is ion a l t e r n a t i v e s  

t o  choose, o r  more tasks t o  be processed per processing u n i t ,  s u b j e c t i v e  

workload increases. Futhermore, Eggmeier e t .  a l .  (1982) found t h a t  

s u b j e c t i v e  r a t i n g s  a re  not s e n s i t i v e  as performance measures when memory 

load i s  t o o  high. 

asse r t i on  t h a t  verbal  repo r t  cannot t a p  t h e  minute v a r i a t i o n  i n  a h igh  

memory 1 oad condi t i on. 

This f i n d i n g  a l so  con f i rm  Er icsson and Simon's 

A s i m i l a r  view has been presented by Gopher and Braune (1982). 

Subjecive measures are assumed t o  r e f l e c t  t h e  perceived magnitude o f  

resource investment i n  t h e  conscious a t ten t i on .  They concluded t h a t  

s u b j e c t i v e  est imates f o l l o w  t h e  p a t t e r n  o f  t h e  most r e s t i c t e d  model o f  a 

s i n g l e  u n d i f f e r e n t i a t e d  pool o f  resources. I n  other  words, sr ib ject i  ve 

est imates only  r e f l e c t  p a r t  o f  t h e  i n fo rma t ion  processing w h i l e  

performance f o l l o w s  t h e  p a t t e r n  o f  a m u l t i p l e  resource model. 

I n  t h e  m u l t i p l e  resource model, working memory i s  represented as 

dependent upon t h e  pe rcep tua l / cen t ra l  resources. Hence, sub jec t i ve  

workload i s  suggested t o  be dominated by t h e  demands upon these resources, 

and w i l l  be l ess  s e n s i t i v e  t o  demands imposed upon t h e  resources r e l a t e d  

t o  responding. 

f a c t o r s  t h a t  d r i v e  sub jec t i ve  workload ( S )  and performance (P) i s  

presented i n  Table 1. 

Based upon t h i s  assumption, a t e n t a t i v e  theory o f  t h e  
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Table 1. Sources o f  Performance - Subject ive D issoc ia t  

Source 

1. Increased S ing le  Task D i f f i c u l t y  

Perceptual/Cogni t i v e  
Response 

2. Concurrent Task Demand 

Same Resources 
D i f f e r e n t  Resources 

3. M o t i v a t i o n  

I (Resource Investment) 

P - 

2 

2 
2 

1 

1 
0 

-1 

on 

S 

1 

- 

1 
0 

2 
2 
2 

+1 

6 

A set  of manipulat ion o r  sources are l i s t e d  i n  t h e  f i r s t  column. 

These represent th ings  t h a t  can be done t o  a task t o  increase general 

workload (decrease performance and/or increase t h e  s u b j e c t i v e  f e e l i n g  o f  

e f f o r t ) .  W i th in  t h e  second column i s  a number t h a t  i n d i c a t e d  t h e  extent  

t o  which t h e  manipulat ion w i l l  d e t e r i o r a t e  performance (P). 

w i t h i n  t h e  t h  r d  column i n d i c a t e s  t h e  ex ten t  t o  which t h e  manipulat ion 

w i l l  increase t h e  sub jec t i ve  d i f f i c u l t y  ( S )  o f  t h e  task.  The important 

f a c t o r  govern ng d i ssoc ia t i ons  i s  t h e  r a t i o  o r  r e l a t i v e  value o f  these two 

numbers f o r  a given source. 

i n t e r p r e t a t i o n s  only. 

The number 

The p a r t i c u l a r  numbers have o rd ina l  

The theory p r e d i c t s  t h a t  manipulat ing t h e  parameters o f  a s i n g l e  task 

w i l l  genera l ly  i n f l uence  P more than S (Wickens & Der r i ck ,  1981). 

d i f f e r e n c e  i s  p a r t i c u l a r l y  pronounced i f  t h e  task i s  degraded by imposing 

demands on responding ( a f f e c t i n g  S w i t h  a 0 value);  r a t h e r  than on 

pe rcep tua l / cogn i t i ve  processing, a f f e c t i n g  S w i t h  u n i t y  value. 

Below the  s o l i d  l i n e ,  t h e  theory p r e d i c t s  t h a t  i nc reas ing  

workload by i nc reas ing  t h e  number o f  tasks t h a t  must be performed 

This  

b 
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. 

concurrent ly  w i l l  genera l ly  serve t o  increase S and decrease P, b u t  t h e  

former w i l l  be var ied by a greater  degree than t h e  l a t t e r  (Wickens & 

Der r i ck ,  1981; Wickens & Yeh, 1982). Futhermore, t h e  sub jec t i ve  

experience o f  workload i s  uninf luenced by whether those tasks compete f o r  

common o r  separate processing resources w i t h i n  t h e  mul t ip le- resource 

system. 

dual task performance asserts t h a t  performance w i l l  be unaf fected t o  t h e  

ex ten t  t h a t  tasks compete f o r  separate resources, but  w i l l  degrade when 

common resources are employed. A f i n a l  source o f  d i s s o c i a t i o n  i s  

r e f l e c t e d  i n  i t e m  3 o f  t h e  t a b l e .  Here we p r e d i c t  t h a t  any v a r i a b l e  which 

induces t h e  investment o f  more resources i n t o  a task e i t h e r  through 

greater  mot ivat ion,  o r  by p r o v i d i n g  b e t t e r  q u a l i t y  data upon which t o  

operate w i l l  s imultaneously improve performance w h i l e  l ead ing  t o  t h e  

f e e l i n g  o f  greater  mental workload. An example might be t h a t  of 

i nc reas ing  t h e  gain on a t r a c k i n g  d isp lay,  o r  t h e  observat ion t h a t  

increased i n c e n t i v e  w i l l  produce these e f f e c t s  ( V i d u l i c h  & Wickens, 1983). 

On t h e  o the r  hand, when subjects lower t h e i r  mo t i va t i on  and performance 

c r i t e r i o n ,  t h e i r  performance w i l l  d e t e r i o r a t e  w h i l e  they f e e l  less 

1 oaded (Tu1 ga, 1978). 

However, t h e  d e f i n i n g  proper ty  o f  t h e  m u l t i p l e  resource theory of 

Methodology and General Experimental Paradi gm 

Methodology. I n  t h e  t h r e e  experiments we repo r t  below, we examined 

t h e  r e l a t i v e  ef fects on mental workload and performance o f  a se r ies  o f  

manipulat ions on t h r e e  p r o t o t y p i c a l  tasks. Any manipulat ion can be 

character ized by a vector i n  a two-dimensional space def ined by t h e  

changes o f  S and P t h a t  occur as r e s u l t  o f  t h e  manipulat ion. 

o r i e n t a t i o n  o f  t h i s  vector ( t h e  r a t i o  o f  A P / A S )  

impact o f  t h e  manipulat ion on t h e  two var iab les.  

The 

describes t h e  r e l a t i v e  

I n  theory, then i t  
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should be poss ib le  t o  de f i ne  a d i s s o c i a t i o n  i n  a manipulat ion t o  occur 

whenever AP/AS = 1. However, our cu r ren t  approach i s  t o  examine t h e  

d i s s o c i a t i o n  between p a i r s  o f  manipulat ions, such t h a t  t h e  vector 

o r i e n t a t i o n  (AP/AS) i s  d i f f e r e n t  between t h e  two. I n  order  t o  t e s t  f o r  

t h i s  d i s s o c i a t i o n  s t a t i s t i c a l l y ,  we f i r s t  convert  each change i n  P and S 

i n t o  standard scores by d i v i d i n g  each by measures o f  i t s  v a r i a b i l i t y  

across t h e  condi t ions invest igated.  Hence, each measure now spans a range 

o f  comparable u n i t s .  Measure type (S vs. P) i s  then t r e a t e d  as one f a c t o r  

i n  ANOVA, w i t h  t h e  nature o f  manipulat ions represent ing t h e  second 

m u l t i - l e v e l  f a c t o r .  A d i s s o c i a t i o n  i s  v e r i f i d  t o  e x i s t  when the re  i s  an 

i n t e r a c t i o n  between type and t h e  k i n d  o f  manipulat ion, i n d i c a t i n g  t h a t  t h e  

vectors p o i n t  i n  d i f f e r e n t  d i r e c t i o n s .  

General Experimental - Paradigm 

Three experiments were conducted. Three 

t h e  t h r e e  experiments, w i t h  var ious manipulat  

i n  each. The t h r e e  tasks are as fo l l ows :  

tasks were employed across 

ons o f  d i f f i c u l t y  poss ib le  

(1) Compensatory t rack ing .  I n  t h i s  task subjects  t racked a random 

disturbance i n p u t  w i t h  a bandwidth o f  e i t h e r  0.32 Hz (easy) o r  0.54 Hz 

( d i f f i c u l t ) .  The task cou ld  be performed e i t h e r  s i n g l y  ( t h e  r i g h t  hand 

t r a c k i n g  v e r t i c a l l y ,  o r  t h e  l e f t  h o r i z o n t a l l y ) ,  o r  i n  a dual ax i s  

combination o f  t h e  two s i n g l e  task con f igu ra t i ons .  F i n a l l y ,  t h e  second 

order task could be performed e i t h e r  w i t h  o r  w i t h o u t  a p r e d i c t o r  symbol, 

d r i ven  by t h e  est imate o f  t h e  cu rso r ' s  c u r r e n t  v e l o c i t y  and accelerat ion.  

( 2 )  Memory - - ~  search task.  P r i o r  t o  each t r i a l ,  subjects  viewed a set  

of t h r e e  3-item, alphanumeric s t r i n g s  o f  t h e  form A29, 593, and M46. 

These s t r i n g s  were then h e l d  i n  working memory f o r  t h e  next two minutes as 

t h e  subject  was presented a se r ies  o f  probes, h a l f  o f  which were i n  t h e  

memory set .  Subjects were t o  respond as r a p i d l y  as poss ib le  i f  t h e  probe 

b 

. 
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was o r  was na- containec i n  t h e  memory set .  I n  var ious con f igu ra t i ons  t h e  

s t i m u l i  were presented e i t h e r  a u d i t o r i l y  ( A )  o r  v i s u a l l y  ( V )  and subjects  

could respond e i t h e r  manually ( M )  o r  w i t h  speech (S) .  S t i m u l i  occurred a t  

i r r e g u l a r  i n t e r v a l s  ranging between 3 and 5 seconds. The task cou ld  be . 

performed by i t s e l f ,  o r  i n  combination w i t h  e i t h e r  o f  t h e  other  two tasks. 

(3 )  "Crash" task.  I n  t h i s  s imulated a i r  t r a f f i c  c o n t r o l  task,  t h e  

subject  viewed two a i r c r a f t s ,  c l o s i n g  on an approach t o  each other, as 

shown i n  F igu re  1. The s u b j e c t ' s  task was t o  make two decis ions, as 

r a p i d l y  as poss ib le  i n  t h e  fo l l ow ing  sequent ia l  order.  

would pass i n  f r o n t  o f  t h e  other, and ( 2 )  A t  t h e  p o i n t  a t  which t h e  

t r a i l i n g  plane w i l l  be d i r e c t l y  abeam o f  t h e  leading plane, how c lose  w i l l  

t h e  two planes be? The second dec is ion requi red a category r a t i n g  from 1 

t o  5. 

spoken. 

decisions, t h e  accuracy o f  t h e  f i r s t  dec i s ion  and t h e  c o r r e l a t i o n  between 

actual  and judged p rox im i t y  f o r  t h e  second. 

were created by c r e a t i n g  a set  o f  problems w i t h  actual  separat ions o f  1, 

3, and 5 d isp lay  u n i t s  (easy) and 1, 2, and 3 ( d i f f i c u l t ) .  Problems were 

presented on a sel f -paced schedule w i t h  each new problem occurr ing f rom 1 

t o  3 seconds a f t e r  t h e  preceeding one. 

problem about every 5 seconds. 

( 1 )  Which plane 

I n  d i f f e r e n t  condi t ions t h e  response was e i t h e r e n t e r e d  manually o r  

Performance was scored on t h e  bas is  of t h e  la tency o f  both 

Two l e v e l s  o f  d i f f i c u l t y  

This  r e s u l t e d  i n  an average o f  one 

The t h r e e  tasks were chosen t o  meet two c r i t e r i a :  (1) Each i s  

rep resen ta t i ve  o f  t h e  k inds  o f  a c t i v i t i e s  performed by p i l o t s ,  ( 2 )  as i n  

prev ious s tud ies  (Wickens, Mountford, & Schreiner, 1981; Derr ick ,  1981), 

p l  ace demands upon var ious components 

framework of t h e  mu1 t i p l  e resource 

tasks w i t h  t h e i  r var ious i nput/output 

c u l a r  resource loaded by t h e  task 

each i s  designed sys temat i ca l l y  t o  

o f  processi  ng resources w i t h i n  t h e  

theory (Wickens, 1984). The t h r e e  

con f igu ra t i ons  as w e l l  as t h e  p a r t  



Yei  & Wickens 10 

/ 
/ 

/ 
/ 

/ 
/ 

Figure  1 :  S t i m u l i  for t h e  Crash Task. 
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w i t h i n  each dimensions'of t h e  m u l t i p l e  resource model are shown i n  Table 

2. 

Table 2. Processing Resource Demands o f  t h e  Tasks 

Task 

Resource Dimension 

1. Stage Defined 

2. Code Defined 

3. Modal i t y  Defined 

Track ing  Memory Crash 

Response Percept ua 1 / Perceptual / 
Cogni t i  ve Cogn i t i ve  

Spa t ia l  Verbal Spa t ia l  

Visual-Manual Visual-Manual Visual-Manual 
Aud i to ry -  Aud i to ry -  
Speech Speech 

I n  each experiment, subjects  p rac t i ced  t h e  tasks ex tens ive ly  over a 

pe r iod  of t h ree  days. These were fo l lowed by t h r e e  days o f  experimental 

data c o l l e c t i o n ,  dur ing  which each task con f igu ra t i on  was ra ted  both i n  

terms of i t s  o v e r a l l  l e v e l  o f  mental workload and on a se r ies  o f  o ther  

sub jec t i ve  scales. Subjects were a lso  asked t o  r a t e  the  s i m i l a r i t y  o f  

task d i f f i c u l t y  i n  a l l  poss ib le  p a i r s  o f  task combination. These da ta  

were subjected t o  mul t id imensional  s c a l i n g  ana lys is  t o  i d e n t i f y  t h e  

c o g n i t i v e  s t r u c t u r e  o f  task d i f f i c u l t y .  Ratings o f  a l l  unidimensional 

a t t r i b u t e s  were c o r r e l a t e d  w i t h  t h e  d isc losed s t r u c t u r e  t o  a i d  t h e  

i n t e r p r e t a t i o n  o f  each ax is .  A t  t h e  end o f  t h e  l a s t  experiment, subjects  

were a l s o  asked t o  r a t e  t h e  importance o f  19 f a c t o r s  t o  t h e  way they 

de f i ne  t h e i r  mental workload. 

t h e  r e s u l t s  obtained by Hart, Chi ldress,  & Hauser (1982). 

Resul ts  o f  these r a t i n g s  were compared t o  

E xpe r i  me n t  1 

I n  t h i s  experiment, t h e  d i f f i c u l t y  o f  a compensatory t r a c k i n g  task 
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was manipulated by three.means: (1) changing t h e  d i f f i c u l t y  o f  t h e  s i n g l e  

task, (2 )  adding a concurrent t r a c k i n g  task which competes f o r  t h e  same 

resources, and ( 3 )  adding a Sternberg memory search task employing 

audi tory  i n p u t  and speech response which thereby demands separate 

resources from t h e  t r a c k i n g  task.  

r e p l i c a t e  D e r r i c k ' s  (1981) f i n d i n g  and t o  v e r i f y  t h e  p r e d i c t i o n  t h a t  P i s  

d r i ven  more by t h e  d i f f i c u l t y  o f  a s i n g l e  task,  and S i s  dr i ven  more by 

t h e  number o f  concurrent tasks. 

The purpose o f  t h i s  study i s  t o  

Met hod 

Subjects. E i g h t  r ight-handed male students o f  U n i v e r s i t y  o f  I l l i n o i s  

were p a i d  volunteers. 

have c o r r e c t  v i  s i  on. 

A l l  sub jects  were n a t i v e  speaker o f  Engl ish and 

Sternberg memory search task.  S t i m u l i  f o r  t h e  task  were always -- 
presented a u d i t o r i  l y  and responded by speech (AS). 

Track ing task.  The d i f f i c u l t y  o f  t h e  t r a c k i n g  was va r ied  f rom t h e  

easy c o n d i t i o n  e i t h e r  by i nc reas ing  t h e  c o n t r o l  order,  o r  t h e  bandwidth. 

The c o n t r o l  order was increased by vary ing t h e  p ropor t i on  o f  f i r s t  and 

second o rde r  component f rom 0.0 t o  0.5 t o  1.0 The bandwidth was increased 

by changing t h e  upper c u t o f f  frequency t o  a value o f  0.54 Hz. The second 

order  t r a c k i n g  task could be performed e i t h e r  w i t h  o r  w i thou t  a p r e d i c t o r .  

These f i v e  s i n g l e  t r a c k i n g  tasks (i.e., f i r s t  order  w i t h  low bandwidth, 

f i r s t  order  w i t h  h igh  bandwidth, second-order w i t h  a p red ic to r ,  

second-order w i t h o u t  a p red ic to r ,  and mixed o rde r )  were performed e i t h e r  

w i t h  t h e  l e f t  o r  t h e  r i g h t  hand. Thus, 10 s i n g l e  t r a c k i n g  tasks were 

performed by t h e  subjects.  

-- Dual task. Three dual-task cond i t i ons  were performed. An easy 

t r a c k i n g  task was pa i red  w i t h  each of t h e  f o l l o w i n g  t h r e e  tasks:  (1) t h e  

Sternberg memory search task i n  AS i nput/output modali ty, ( 2 )  another 
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t r a c k i n g  task i n  a separated d isp lay (F igure 2a), and ( 3 )  another t r a c k i n g  

task i n  an i n t e g r a t e d  display.  

e r r o r s  were d isp layed by t h e  p o s i t i o n  o f  a ho r i zon ta l  and a v e r t i c a l  l i n e ,  

respec t i ve l y  (F igure 2b). The sub jec t ' s  task was t o  keep t h e  i n t e r s e c t i o n  

o f  t h e  two l i n e s  on a reference cross i n  t h e  center o f  t h e  d isp lay.  

Subjects always t racked h o r i z o n t a l l y  w i t h  t h e  l e f t  hand and v e r t i c a l l y  

w i t h  t h e  r i g h t  hand. I n  a l l  t h ree  dual task condi t ions,  subjects  were 

i n s t r u c t e d  t o  t r e a t  t h e  two tasks w i t h  equal p r i o r i t y .  

I n  t h i s  i n teg ra ted  d isp lay,  t h e  X and Y 

Procedure. A l l  subjects performed i n  s i x  1-2 hour sessions. 

Subjects p r a c t i c e d  a l l  t h e  tasks extens ive ly  over a p e r i o d  o f  t h r e e  days. 

( A l l  of t h e  cond i t i ons  are presented i n  Table 3). These were fo l l owed  by 

t h r e e  days o f  experimental data c o l l e c t i o n  (sessions 4,5 ,  and 6). 

f o u r t h  session, subjects  performed t h e  basel ine cond i t i on  ( i  .e., 

f i r s t - o r d e r  w i t h  a low bandwidth) f i r s t  and were t o l d  t o  t r e a t  i t  as t h e  

standard task.  They then performed a l l  o ther  tasks i n  a random order  and 

ra ted  each one against  t h e  standard task on f o u r  a t t r i b u t e s :  o v e r a l l  

workload, task complexity, psychological  stress,  and time-demand. 

I n  t h e  

' A  value was assigned t o  t h e  standard task (5, 10, o r  20 was randomly 

chosen) and subjects  were i n s t r u c t e d  t o  g i ve  a value t o  t h e  just-performed 

task on each a t t r i b u t e .  

t h e  o v e r a l l  workload i n  doing t h e  standard task i s  20, what i s  t h e  o v e r a l l  

workload i n  performing t h e  task j u s t  performed? I f  i t  i s  t w i c e  t h e  

workload o f  t h e  standard task, then assign 40 t o  t h i s  task.  I f  i t  i s  

about h a l f  o f  t h e  workload o f  t h e  standard task, then you j u s t  g i ve  a 

value o f  10. Assign t h e  workload value w i t h  t h e  standard task as t h e  

reference. 'I 

For  example, subjects  were asked "Assuming t h a t  

A t  t h e  end of t h e  session, subjects  were presented a l i s t  o f  a l l  

tasks i n  a random order. They were asked t o  do t h e  r a t i o  r a t i n g s  on e i g h t  
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( a )  D u a l - a x i s  t r a c k i n g  i n  a separated d i s p l a y  

I 

(b)  Dual-axis t r a c k i n g  i n  an i n t e g r a t e d  d i s p l a y  

F igure  2: Dual-axis t r a c k i n g  displays ' i n  Experiment 1 
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I. Single task conditions 

(1) low bandwidth 1st-order W=O.O) tracking on the left hand. 
( 2 )  high bandwidth 1st-order tracking on the left hand. 
( 3 )  mixed 1st- and 2nd-order tracking on the left hand. 
( 4 )  2nd-order tracking without a predictor on the left hand. 
( 5 )  2nd-order tracking with a predictor on the left hand. 
( 6 )  - (10) same conditions as above tracked on the right hand. 
(11) AS memory search task. 

11. Dual task conditions 

(12) Dual-axis tracking tasks with a separated display 
(13) Dual-axis tracking tasks with an integrated display 
(14) Tracking with an AS memory search task 

Table 3 - Experimental conditions (Experiment 1) 
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a t t r i b u t e s  (i.e., t h e  f o u r  a t t r i b u t e s  r a t e d  a t  t h e  end o f  a t r i a l  a long 

w i t h  four a d d i t i o n a l  a t t r i b u t e s :  mental e f f o r t ,  task complexity, response 

complexity, and task demand). They were a l so  asked t o  r a t e  each task on a 

9-point  sca le o f  each a t t r i b u t e ,  and t o  rank order a l l  tasks by t h e i r  

d i f f i c u l t y .  I n  addi t ion,  20 p a i r s  o f  task combinations were randomly 

selected. 

t o  r a t e  t h e  s i m i l a r i t y  o f  task d i f f i c u l t y  i n  each o f  t h e  p a i r s  (Derr ick,  

1982). They were t o l d  t h a t  they could use any a t t r i b u t e ( s )  t o  make t h e  

judgment b u t  they should use t h e  same ones t o  judge every p a i r .  

These p a i r s  were presented t o  subjects  and they were i n s t r u c t e d  

During t h e  f i f t h  session, subjects  performed and ra ted  t h e  tasks i n  

t h e  same ways as they d i d  i n  session 4. 

a t t r i b u t e s ,  f o u r  more a t t r i b u t e s  were ra ted  a t  t h e  end o f  t h i s  session. 

These four were feedback adequacy, success o f  performance, task na tu re  (a 

I n  a d d i t i o n  t o  t h e  e i g h t  

modi f ied Cooper-Harper sca le) ,  and t h e  excess capaci ty  by doing t h e  task 

(see Table 4 f o r  a l l  scales used i n  the  experiment). S i m i - l a r i t y  

judgments were not  ra ted  i n  t h i s  session. 

I n  t h e  l a s t  session, subjects  performed a l l  o f  t h e  tasks.  The o n l y  

sub jec t i ve  r a t i n g s  requ i red  i n  t h i s  session were t h e  s i m i l a r i t y  judgments 

o f  d i f f i c u l t y  on a l l  poss ib le  p a i r s  o f  task combination. 

Resul ts 

C o r r e l a t i o n a l  - Analys is  

(A) Tes t - re tes t  -- r e l i a b i l i t y .  The t e s t - r e t e s t  r e l i a b i l i t y  o f  

sub jec t i ve  

and 5. 

session were Log transformed and c o r r e l a t e d  w i t h  t h e  corresponding 

transformed r a t i n g s  i n  t h e  f i f t h  session. 

r a t i n g s  on each task c o n d i t i o n  was computed between sessions 4 

These data are shown i n  Table 5. The r a t i o  r a t i n g s  i n  t h e  f o u r t h  

The Pearson-product c o r r e l a t i o n  

was ca l cu la ted  f o r  each a t t r i b u t e  and f o r  each subject  t o  see how 

consis tent  ( r e l i a b l e )  each subject  was on r a t i n g  tasks on each a t t r i b u t e .  
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Scales (Description) 

Overall Workload 
Complexity 
Psychological stress 

Time-demand 
A Task demand 

Input Complexity 
Mental Effort 

Response Complexity 
Rank order 
Feedback adequacy 

Success of perfermance 
Nature of the task 

Excess Capacity 

Overall workload of doing the task. 
How complex was the task? 
The psychological stress experienced in 
doing the task. 
How busy were you in doing the task? 
How demanding was the task? 
The complexity of input stimuli. 
How much mental effort did you make in doing 
the task? 
The complexity of responding the task. 
Rank order the task difficulty. 
How adequate was the feedback you received 
in doing the task? 
How successful were you in doing the task? 
How do you think of the task? Choose one of 
descriptions: 
(1) very easy to do with excellent 

precis ion 
( 2 )  very easy to do with good precision 
(3) easy to do with fair precision 
( 4 )  doable with somewhat inadequate 

( 5 )  doable, but only very imprecisely 
( 6 )  difficult to do 
( 7 )  very difficult to do 
( 8 )  nearly doable 
( 9 )  undoable 
Assume all the capacity that you have is 
100. How much is left by performing the 
task? 

pre c i s ion 

Table 4 - Rating scales 
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r r 

Scale Lg(ratio ratings) Lg(ratio ratings) 

at the end of at the end of 
a trial a session 

Overall workload 0.71 
Complexity 0.83 
Psychological stress 0.61 
Time-demand 0.79 
Task demand 
Input complexity 
Mental effort 
Response complexity 
Rank order 

0.83 
0.89 
0.85 
0.83 
0.85 
0.82 
0.85 
0.85 

( No of task = 14, a l l  correlations are significantly 
p ( 0 . 0 5 )  

r 

Interval 
ratings 

0.77 
0.89 
0.84 
0.88 
0.88 
0.86 
0.80 
0.84 
0.89 

r between 
the two 
methods 

0.90 
0.92 
0.91 
0.90 
0.88 
0.91 
0.86 
0.89 

greater than 0.0, 

Table 5 - Teat-retest reliability on rating (Experiment 1) 

V 



Yeh & Wickens 19 

These c o r r e l a t i o n s  were computed f o r  r a t i n g s  c o l l e c t e d  a t  t h e  end o f  

a t r i a l  and f o r  r a t i n g s  done a t  t h e  end o f  a session. General ly speaking, 

most subjects  were more consis tent  on r a t i n g  tasks a t  t h e  end o f  a session 

than a t  t h e  end o f  a t r i a l  (Table 5). The o v e r a l l  r e l i a b i l i t y  across 

subjects  over f o u r  scales c o l l e c t e d  a t  t h e  end o f  a t r i a l  was 0.73. The 

o v e r a l l  r e l i a b i l i t y  o f  corresponding f o u r  r a t i n g s  done a t  t h e  end o f  a 

session was 0.85. The o v e r a l l  r e l i a b i l i t y  over t h e  e i g h t  r a t i o  and 

i n t e r v a l  scales a t  t h e  end o f  a session were 0.85. The c o r r e l a t i o n  

between t h e  transformed r a t i o  and i n t e r v a l  r a t i n g s  was 0.90. The averaged 

r e l i a b i l i t y  on t h e  s m i l a r i t y  judgments o f  t h e  20 p a i r s  c o l l e c t e d  a t  both 

session 4 and 5 was 0.79. 

(B) Cor re la t i ons  among unidimensional r a t i n g s  -- and w i t h  performance. 

End-of-Session r a t i n g s  on each scale were averaged over a l l  subjects,  

c o r r e l a t e d  w i t h  r a t i n g s  on o the r  scales, and c o r r e l a t e d  w i t h  t h e  averaged 

t r a c k i n g  performance (Table 6). The i n t e r - s c a l e  c o r r e l a t i o n s  were very 

high. 

every aspect o f  performing a task such as t h e  complexity, t h e  

psycho1 ogi ca l  s t ress,  t h e  i n p u t  compl ex i  t y  , and so on. The c o r r e l a t i o n s  

between mean t r a c k i n g  performance and mean r a t i n g s  on each scale f o l l o w  

p red ic t i ons .  The c o r r e l a t i o n  between t h e  t r a c k i n g  performance and 

workload r a t i n g s  was 0.74. Th is  c o r r e l a t i o n  suggests, not  s u r p r i s i n g l y  

t h a t  i n  a general sense tasks t h a t  are performed worse are viewed as more 

d i f f i c u l t .  

These h igh  c o r r e l a t i o n s  suggest t h a t  mental workload i s  r e l a t e d  t o  

Performance - and Sub jec t i ve  Workload Analys is  

The raw performance scores and t h e  o v e r a l l  s u b j e c t i v e  workload i n  

each task c o n f i g u r a t i o n  are shown i n  Table 7. Tracking performance i s  

found t o  dec l i ne  monotonical ly across t h e  5 i nc reas ing  l e v e l s  o f  order. 

A l l  o ther  manipulat ions o f  t h e  t r a c k i n g  task a l so  increase i t s  e r r o r  and 
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Wld Comp Strs Time TkDe Inp MnEf Resp F'b Perf Nat Rank Exce 
Comp .98 
Strs .99 .97 
Time .99 .98 .98 
TkDe .99 .98 .99 .98 
Inp .97 .96 .98 .99 .97 
MnEf .96 .91 .95 .97 .95 .97 
Resp .98 .99 .97 .97 .98 .96 .90 
Fb .74 .69 .80 .71 .77 .74 .72 .71 
Perf .85 .85 .89 .81 .88  .81 .76 .87 .73 
Nat .90 .93 .92 .87 .92 .87 .78 .94 .71 .94 
Rank .97 .96 .97 .95 .98 .95 .91 .97 .88 .91 .93 
Ekce .98 .98 .97 .97 .99 .95 .93 .98 .69 .88 .91 .97 

MDS dimensions 
D1 .96 .98 .94 .94 .97 .92 .90 .95 .81 .92 .91 .97 .95 
D2 .63 .63 .72 .69 .66 .70 .59 .70 .19-.43 .62 .63 .67 
D3 .12-' .12- .02' .20- . 0 8 -  .30- .33' .02- .16 .17- .15' .03' .02- 

Tracking Error 
Rms .74 -73 .80 .69 .78 .73 .68 .76 .74 .94 .89 .80 .75 

......................................................................... 

......................................................................... 

Wld 
Comp 
Strs 
Time 
TkDe 
In!? 
MnM 
Resp 
Fb 
Perf 
Nat 
Rank 
Exce 
D1 
D2 
D3 
Rms 

- Overall Workload - Complexity 
- Psychological s t r e s s  - Time demand - Task demand 
- Input complexity - Mental Effort 
- Response comlexity - Feedback adequacy 
- Success of performance - Nature of the task 
- Rank order task difficulty 
- Excess capacity 
- 1st psychological dimension 
- 2nd psychological dimenson 
- 3rd psychological dimension 
- Tracking error 

( All correlations are significant at 0.05 except the ones with Il-'' 1 

. 

Table 6 - Correlation among unidimensional ratings , Performance, 
and MDS dimensions (Erperlment 1) 
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RMS Workload 

- 1st-order 0.156 
mixed order 0.184 
2nd-order without a predictor 0.236 

, 2nd-order with a predictor 0.183 
High bandwidth 0.297 
Dual-axis tracking (separated) 0.205 
Dual-axis tracking (integrated) 0.215 

2.641 
3.719 
5.281 
4.969 
5.938 
6.156 
6.438 

Accuracy RT Workload 
AS memory task only 97.368 1.098 3.125 
Tracking + AS memory task 0.177 97.105 1.050 5.219 

Table 7 - Original scores (Experiment 1) 
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i t s  perceived d i f f i c u l t y  as we l l ,  a l though t o  var ious degrees. This  

d i f f e rence  i n  t h e  degree o f  increase i n  S and P impacted by t h e  d i f f e r e n t  

manipulat ions w i l l  be subject  o f  t h e  f o l l o w i n g  analys is  o f  d i ssoc ia t i on .  

Performace o f  t h e  standard task (i .e., low-bandwidth f i r s t  order 

t r a c k i n g )  was used t o  compute t h e  performance decrements f o r  a l l  o ther  

t r a c k i n g  tasks. 

compute t h e  decrement imposed by performing t h e  same task i n  t h e  dual- task 

condi t ion.  For  the  dual task t r a c k i n g  and Sternberg combinations i t  was 

necessary t o  der ive a s i n g l e  i n t e g r a t e d  measure of t h e  performance 

decrement o f  both tasks. 

Performance o f  t h e  s i n g l e  Sternberg task was used t o  

This  was accomplished i n  t h e  f o l l o w i n g  fashion: 

The decrement scores were ca l cu la ted  f o r  each dependent v a r i a b l e  i n  t h e  

way suggested by Wickens, Mountford, and Schreiner (1980). The 

v a r i a b i l i t y  o f  t h e  dependent v a r i a b l e  i n  each c o n d i t i o n  over t h e  l a s t  

t h ree  sessions was obtained. The v a r i a b i l i t i e s  i n  a l l  s i n g l e  tasks were 

averaged as w e l l  as t h e  v a r i a b i l i t i e s  i n  a l l  dual- task condi t ions.  An 

o v e r a l l  measure o f  v a r i a b i l i t y  f romthe two (i.e., s i n g l e  and dual- task 

cond i t i ons )  was averaged f o r  each subject  as a measure o f  t h e  mean w i t h i n -  

subjects  v a r i a b i l i t y .  

f a c t o r  f o r  each dependent va r iab le .  

This  q u a n t i t y  was then used as t h e  normal iz ing 

Normalized decrements on t h e  l e f t  

hand task performance were then averaged w i t h  normalized decrements on t h e  

r i g h t  hand performance t o  i n d i c a t e  t h e  performance changes f o r  each dual 

task man i pu 1 a t  i on. 

Changes i n  r a t i n g s  of o v e r a l l  workload from t h e  standard were 

ca l cu la ted  and normalized i n  t h e  same way as performance. Consequently, 

both performance and sub jec t i ve  r a t i n g s  o f  workload were scaled on 

equivalent u n i t s  before f u r t h e r  analys is .  

The normalized performance and workload r a t i n g s  produced by each 

manipulat ion are presented i n  F igu re3a  ( these data do not  i n c l u d e  those o f  

. 

. 
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t h e  t r a c k i n g  task w i t h  a.mixed order, nor t h e  dual-axis t r a c k i n g  task w i t h  

t h e  i n teg ra ted  d i sp lay ) .  The e f f e c t s  o f  d i f f e r e n t  manipulat ions on t h e  

standard task are character ized by vectors i n  t h e  performance-subjective 

r a t i n g  space w i t h  t h e  o r i g i n  represent ing t h e  standard task condi t ion.  

two manipulat ions d r i v e  t h e  two measures t o  t h e  same degree (when 

normalized i n  terms o f  t h e i r  v a r i a b i l i t y ) ,  then t h e  r e s u l t i n g  vectors w i l l  

l i e  a long t h e  same l i n e .  When two manipulat ions d r i v e  t h e  two measures t o  

d i f f e r e n t  degrees, t h e  r e s u l t i n g  vectors w i l l  d iverge. 

If 

ANOVAs were used t o  compare t h e  e f f e c t  o f  p a i r s  o f  manipulat ions. 

This analys is  i s  robust over t h e  v i o l a t i o n  o f  t h e  assumption o f  normal i ty .  

Thus, a p o t e n t i a l  skewed d i s t r i b u t i o n  o f  e i t h e r  dependent measure w i l l  no t  

cause extens ive biases i n  t h e  outcome. P and S were t r e a t e d  as two l e v e l s  

o f  one v a r i a b l e  (i.e., measure type) .  The p a r t i c u l a r  d i f f i c u l t y  

manipulat ion used was another var iab le.  The i n t e r a c t i o n  between t h e  two 

va r iab les  i s  used t o  detect  whether two d i f f i c u l t y  manipulat ions d r i v e  t h e  

two measures t o  d i f f e r e n t  degrees. 

d i  verg i  ng vectors i n t h e  performance-sub j e c t  i ve r a t i  ng space, then t h e  

i n t e r a c t i o n  w i l l  be be s i g n i f i c a n t .  

I f  a p a i r  o f  manipulat ions r e s u l t  i n  

Using t h i s  analys is  technique, t h e  d i s s o c i a t i o n  between S and P was 

found t o  be s t a t i s t i c a l l y  r e l i a b l e  f o r  t h e  f o l l o w i n g  p a i r s  o f  vectors i n  

F igure 3a. 

(1) High bandwidth versus unaided second o rde r  t r a c k i n g  ( F ( 1 , 7 )  = 

4.98, p < 0.1). Whi le t h e  o v e r a l l  potency o f  t h e  bandwidth manipulat ion 

was greater  than t h a t  o f  t h e  order  manipulat ion ( t h e  vector i s  l a r g e r  i n  

both dimensions), on a r e l a t i v e  basis bandwidth appears t o  d r i v e  P t o  a 

greater  extent  and order t o  d r i v e  S. 

P was contrasted w i t h  t h e  r a t i n g s  on time-demand, i n p u t  complexity, o r  

response complexity scale. The lack o f  d i s s o c i a t i o n  i n  these t h r e e  scales 

This  d i s s o c i a t i o n  was n o t  found when 

. 
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. 

. 

suggests t h a t  t h e  d i f f e rences  i n  t h e  P may be b e t t e r  i n d i c a t e d  by r a t i n g s  

on e i t h e r  o f  t h e  t h r e e  scales r a t h e r  than by o v e r a l l  workload ra t i ngs .  

( 2 )  Unaided second order t r a c k i n g  versus dual-axis t r a c k i n g  (F(1 ,7 )  = 

15.50, p < 0 . 0 1 ) .  

potency o f  t h e  two manipulat ions are equivalent,  b u t  on an absolute basis, 

S (second o rde r )  < S (T&T) bu t  P (second o rde r )  > P (T&T).  The same k i n d  

Th is  i s  a "strong d issoc iaton"  i n  t h e  sense t h a t  t h e  

o f  s t rong  d i s s o c i a t i o n  was a l s o  found i n  comparing bandwidth manipulat ion 

w i t h  dual -ax is  t r a c k i n g  manipulat ion, F ( 1 , 7 )  = 32.70, p < 0.005. Th is  

f i n d i n g  c l e a r l y  r e p l i c a t e s  t h e  d i s s o c i a t i o n  e a r l i e r  observed by Wickens 

and Der r i ck  (1981): 

S .  

I nc reas ing  s i n g l e  task d i f f i c u l t y  d r i v e s  P more than 

Doubl ing t h e  number o f  tasks d r i v e s  S more than P. 

( 3 )  Dual-axis t r a c k i n g  versus t r a c k i n g  time-shared w i t h  memory search 

(F(1 ,7 )  = 6.32, p < 0.05) .  Th is  e f f e c t  i s  cons is tent  w i t h  t h e  r e s u l t s  

obtained by Wickens and Der r i ck  (1981) .  That i s ,  w h i l e  both dual task 

condi t ions produce a subs tan t i a l  increment i n  perceived d i f f i c u l t y ,  t h e  

dual a x i s  t r a c k i n g  task, because o f  t h e  compet i t ion f o r  processing 

resources a l so  degrades performance. On t h e  other  hand, t r a c k i n g  and 

memory search, demanding separate resources are time-shared q u i t e  

e f f i c i e n t l y  and a c t u a l l y  generate a small  net gain i n  t o t a l  dual t a s k  

performance, i.e., a t ime-shar ing increment. Examination o f  t h e  data i n  

Table 7 reveals t h a t  t h i s  " increment" i s  produced by a small  reduct ion i n  

RT, and a smal l  increase i n  t r a c k i n g  e r r o r .  

( 4 )  Second order  t r a c k i n g  w i t h  versus w i thou t  t h e  p r e d i c t o r  (F(1 ,7 )  = 

9.61, p < 0.05) .  While performance was s u b s t a n t i a l l y  ass i s ted  by t h e  

p r e d i c t o r  element, sub jec t i ve  r a t i n g s  were unaf fected by i t s  add i t i on .  

Th is  d i s s o c i a t i o n  i s  manifest  a l s o  when mixed order  t r a c k i n g  i s  cont rasted 

w i t h  second .order t r a c k i n g  us ing  t h e  p red ic to r .  I n  Table 7, both tasks 

g ive equiva lent  performance, y e t  t h e  pre-d ic t ion t r a c k i n g  t r a s k  i s  viewed 
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as sub jec t i ve l y  more d i f f i c u l t .  

26 

S i  m i  1 a r i  ty  Judgment Anal ys i s 

Mu1 t id imensional  Sca l ing  (MDS) data were analyzed by the  SINDSCAL 

(a vers ion o f  INDSCAL) method. 

the psychologica l  s t r u c t u r e  under ly ing  the  d i f f i c u l t y  r a t i n g s .  The var iance 

accounted f o r  (VAF) by t h i s  three-dimensional s o l u t i o n  was 61%. 

are shown i n  Figures 4 and 5. 

represented twice,  s ince d i f f e r e n t  r a t i n g s  were made f o r  i t s  performance w i t h  

the  l e f t  and r i g h t  hand. 

Three dimensions were chosen t o  represent 

These dimensions 

Note t h a t  each s i n g l e  task con f igu ra t i on  i s  

The co r re la t i ons  of  these dimensions w i t h  the  var ious unidimensional 

r a t i n g s  are shown i n  Table 6. The f i r s t  dimension was r e l a t e d  t o  resource 

demand which i s  h i g h l y  associated w i t h  a l l  unidimensional ra t i ngs .  

P o s i t i v e  Dimension 1 weights were associated w i t h  tasks t h a t  demand l e s s  

resources. Tasks t h a t  demand more resources (e.g., second order, h igh  

bandwidth, and dual -ax is  t rack ing )  had negat ive weights (F igure  4). 

Dimension 2 weights were most s t r o n g l y  co r re la ted  w i t h  unidimensional 

r a t i n g s  on psychologica l  s t ress,  i n p u t  complex ty, and response 

complexi ty.  Th is  dimension was no t  orthogonal  t o  the  f i r s t  dimension 

because the  c o r r e l a t i o n  between the  two dimens ons was 0.5. 

s p a t i a l  representat ion,  t h i s  dimension appears t o  be r e l a t e d  t o  general 

resource compet i t ion,  separat ing the  two dual a x i s  t r a c k i n g  con f igu ra t i ons  

i n  which such compet i t ion  was present, from t h e  remainder o f  t he  tasks.  

I n  t h i s  regard, i t  i s  i n t e r e s t i n g  t o  note t h a t  the l o c a t i o n  o f  the  second 

order  t r a c k i n g  task  w i t h  the  p r e d i c t o r  i s  c l o s e r  t o  the  dual a x i s  t r a c k i n g  

tasks. This, l i k e  dual ax i s  t rack ing ,  i s  the  on ly  o the r  task i n  which 

processing resources must be shared between two elements ( i  .e., the  cursor  

and p r e d i c t o r  symbol ) . 

Examining the  

The t h i r d  dimension was n o t  r e l a t e d  t o  any unidimensional ra t i ngs .  

. 



~~ ~~ 

Yei & Wickens 27 

. 

b. 

K 

Ttorkina 
+ 
lrotking 

r( Memory 

t c P 0 . 5  Aemorv + 
Trorking U 

F b  
l o w  Bw 

C 
d 

2nd Order 
- 4  

Dimension 1 

A: 1 s t  order, low bandwidth ( l e f t  hand), F: 1 s t  order,  low bandwidth 
B: 1 s t  order,  h igh bandwidth ( l e f t  hand), G: 1 s t  order,  h igh  bandwidth 
C: mixed order  ( l e f t  hand), H: mixed order 
D: 2nd order, no p r e d i c t o r  ( l e f t  hand), I :  2nd order ,  no p r e d i c t o r  
E: 2nd order  w i t h  p r e d i c t o r  ( l e f t  hand), 3 :  2nd order  w i t h  p r e d i c t o r  

K: Dual-axis t r a c k i n g  i n  a separated d i sp lay  
L: Dual-axis t r a c k i n g  i n  an i n t e g r a t e d  d i sp lay  
N: Memory search 
0: Tracking shared w i t h  a memory search task 

( r i g h t  hand 
( r i g h t  hand 
( r i g h t  hand 
( r i g h t  hand 
( r i g h t  hand 

Figure 4: SINDSCAL s o l u t i o n  from mult id imensional  s c a l i n g  data - 
Dimension 1 vs.  Dimension 2 (Experiment 1) 
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. 

Examining t h e  tasks i h  t h e  psychological  space, i t  i s  suggested t h a t  t h i s  

dimension i s  associated w i t h  input /output  modal i ty and processing codes 

(F igure 5). Tasks t h a t  p r i m a r i l y  i nvo l ved  t h e  t r a c k i n g  task 

(v isual-spat ia l -manual processing) located i n  t h e  upper h a l f  o f  t h e  

dimension. High ly  negat ive weights were associated w i t h  tasks t h a t  

i nvo l ved  t h e  memory search task (auditory-verbal-speech processing).  

Der r i ck  (1982) had s i m i l a r l y  uncovered a d i f f i c u l t y  dimension associated 

w i t h  i nput modal i ty  . 
The SINDSCAL technique a l s o  a l lows us t o  examine i n d i v i d u a l  

d i f f e rences  i n  weight ing dimensions i n  judgment. According t o  t h e  weights 

t h a t  each sub jec t  assigned t o  t h e  t h r e e  dimensions, t he re  were pronounced 

i n d i v i d u a l  d i f f e rences  i n  weight ing t h e  dimensions. Four subjects 

employed only  one dimension t o  judge t h e  s i m i l a r i t y  o f  task d i f f i c u l t y .  

The other  f o u r  used var ious combinations o f  two dimensions. 

Experiment 2 

The e f f e c t  o f  manipulat ing i npu t /ou tpu t  modal i ty o f  a Sternberg 

memory search task on t h e  two measures, S and P, was i n v e s t i g a t e d  i n  t h i s  

experiment. The purpose of i n t r o d u c i n g  var ious input /output  combinations 

i s  t o  induce d i f f e r e n t  degrees o f  resource Competition i n  dual task 

cond i t i ons  when t h e  task i s  time-shared w i t h  a t r a c k i n g  task 

(visual-manual).  

compet i t ion a f f e c t s  dual-task performance (Wickens, Sandry, & V idu l ich,  

1983). 

compet i t ion should not a f f e c t  S t o  a great extent,  so long as t h e  number 

o f  tasks ( 2 )  remains constant. 

It has been found t h a t  t h e  manipulat ion o f  i npu t /ou tpu t  

According t o  t h e  hypothesis proposed above, vary ing amounts o f  1/0 

Method 

Subjects. Seven students who served as subjects i n  t h e  f i r s t  
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experiment a1 so performed i n  Experiment 2. 

Sternberq memory -- search task.  The f o u r  versions o f  t h e  Sternberg 

tasks, i .e. visual-manual ( V M ) ,  visual-speech ( V S ) ,  auditory-manual ( A M ) ,  

and aud i to ry -  speech (AS)  were used. 

a r t i c u l a t e d  t h e i r  response i n t o  t h e  microphone. With t h e  manual response, 

they pressed one o f  two buttons f o r  a p o s i t i v e  o r  negat ive response. The 

task was responded w i t h  t h e  l e f t  hand when t h e  s t i m u l i  were presented on 

t h e  l e f t - v i s u a l - f i e l d  o r  from t h e  l e f t  ear. 

w i t h  t h e  r i g h t  hand when s t i m u l i  were i n p u t  from t h e  r i g h t  side. 

With t h e  speech response, subjects  

The task was responded t o  

Tracking task.  The low and h igh bandwidth f i r s t  order t r a c k i n g  tasks 

were empl oyed. 

-- Dual task combinations. The f o u r  versions o f  t h e  Sternberg memory 

pa i red  w i t h  t h e  low-bandwidth t r a c k i n g  task. 

s u a l l y  presented, i t  was shown on t h e  l e f t  o f  t h e  

d i sp lay  o r  above t h e  h o r i z o n t a l  d isp lay.  The dual -ax is  

When t h e  search tasks were 

memory task was v 

ve rt i c a l  t rack i n g 

t r a c k i n g  w i t h  t h e  separated d i sp lay  c o n f i g u r a t i o n  was a l s o  employed i n  

t h i s  experiment. The condi t ions employed i n  Experiment 2 a re  shown i n  

Table 8) .  

Procedure. Subjects performed and ra ted  a l l  t h e  tasks i n  

t h e  same way as they d i d  du r ing  t h e  f i r s t  experiment. 

i n t e r v a l  r a t i n g s  were c o l l e c t e d  i n  t h i s  experiment. 

However, on l y  

Resul ts  

Corre l  a t  i onal analys is  

( A )  Tes t - re tes t  - r e l i a b i l i t y .  As i n  Experiment 1, most subjects  were 

more consis tent  on r a t i n g  tasks a t  t h e  end o f  a session. As shown i n  

Table 9, t h e  o v e r a l l  r e l i a b i l i t y  o f  t h e  r a t i n g s  on t h e  f o u r  a t t r i b u t e s  a t  

t h e  end o f  a t r i a l  was 0.81. The r e l i a b i l i t y  o f  corresponding f o u r  

r a t i n g s  a t  t h e  end o f  a session was 0.89. The o v e r a l l  r e l i a b i l i t y  o f  
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I. Single task conditions 

(1) low bandwidth 1st-order tracking on the left hand. 
( 2 )  high bandwidth 1st-order tracking on the left hand. 
( 3 )  VM (visual-manual) memory search task (on the left side). 
( 4 )  VS (visual-speech) memory search task (on the left side). 
(5) AM (auditory-manual) memory search task (on the left side). 
(6) AS (auditory-speech) memory search task (on the left side). 
( 7 )  - (12) same as above presented on the right side of the 

display or to the the right ear. 

11. Dual task conditions 

(13) 1st-order Tracking (left side) with VM (right side) 
(14) 1st-order Tracking with VS 
(15) 1st-order Tracking with AM 
(16) 1st-order Tracking with AS 
(17) - ( 2 0 )  same as above except that tracking was on the right 

(21) Dual-axis tracking 

side and memory task was on the left side of the 
display. 

Table 8 - Ekperimental condition8 (Experiment 2 )  
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Scale 

Overall workload 
Complexity 
Psychological stress 
Time-demand 
Task demand 
Input complexity 
Mental effort 
Response complexity 
Rank order 

at the end of a trial 

0.81 
0.82 
0.76 
0.84 

at the end of a session 

0.92 
0.96 
0.85 
0.83 
0.89 
0.88 
0.84 
0.89 
0 .96  

( No of tasks = 21, all correlations are significantly greater than 0.0, 
p ( .01) 

Table 9 - Test-retest reliability (Experiment 2 )  
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r a t i n g  t h e  e i g h t  a t t r i b u t e s  a t  t h e  end o f  a session was 0.89. The 

averaged r e l i a b i l i t y  o f  s i m i l a r i t y  judgments was 0.80. 

(B) C o r r e l a t i o n  among unidimensional r a t i n g s  -- and w i t h  performance. 

a As i n  Experiment 1, t h e  i n t e r - s c a l e  c o r r e l a t i o n s  were q u i t e  high. 

Examining t h e  o r i g i n a l  P and S scores shown i n  Table 10 reveals same 

f a i r l y  p r e d i c t a b l e  trends. 

bandwidth and w i t h  a l l  o f  t h e  dual task condi t ions.  Both reac t i on  t i m e  

and t r a c k i n g  e r r o r  increased s l i g h t l y  i n  t h e  dual-task condi t ions.  

However, t h e  c o r r e l a t i o n  between t h e  accuracy l react ion t ime and t h e  

, 
Subject ive workload increased a t  h igh  

workload r a t i n g s  i s  low i n  a l l  memory search conf igurat ions.  The 

c o r r e l a t i o n  between t r a c k i n g  e r r o r  and workload r a t i n g s  i s  a l s o  low (Table 

11). The t r a c k i n g  performance was c o r r e l a t e d  w i t h  t h e  r a t i n g s  on feedback 

adequacy, success o f  performance, and t h e  nature o f  t h e  task (Table 11). 

Performance - and Subject ive Workload - Analysis 

Decrements from t h e  basel ine cond i t i on  (low-bandwidth and t h e  

appropr ia te s i n g l e  task Sternberg c o n f i g u r a t i o n )  were ca l cu la ted  and 

normalized i n  t h e  same manner as i n  Experiment 1. 

found t o  be s t a t i s t i ' c a l l y  r e l i a b l e  f o r  t h e  f o l l o w i n g  p a i r s  o f  vectors i n  

F igure 3b. 

Dissoc iat ions were 

(1 )  High bandwidth versus dual-axis t r a c k i n g  manipulat ion (F(1,6) = 

39.33, p < 0.005). 

c lose  r e p l i c a t i o n  of t h e  s t rong  d i s s o c i a t i o n  between these two 

manipulat ions.  Subjects f e l t  more loaded when performing dual-axis 

t r a c k i n g  task than a h i g h  bandwidth t r a c k i n g  task even though t h e i r  

performance was worse i n  t h e  l a t t e r  condi t ion.  

Comparing t h i s  f i g u r e  w i t h  F igu re  3areveals a very 

(2 )  Dual-axis t r a c k i n g  versus t r a c k i n g  time-shared w i t h  an AM memory 

task (F(1,6) = 4.62, p < 0.10) and t r a c k i n g  time-shared w i t h  an AS memory 

task (F(1,6) = 5.44, p < 0.10). Again, r e p l i c a t i n g  the  r e s u l t  o f  
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Low-bandwidth Tr 
High-bandwidth Tr 
VM 
VS 
AM 
AS 
Tr 
Tu 
Tr 
Tr 
Tu 

Accuracy RT RMS 

96.59 
97.44 
95.88 
97.47 

+ v M  95.92 
+ vs 96.86 
+ A M  95.99 
+ AS 97.36 
+ Tr 

0.14 
0.28 

0.74 
1.01 
1.28 
0.97 
0.80 0.15 
1.09 0.16 
1.29 0.15 
1.03 0.14 

0.17 

Workload 

2.64 
6.21 
3.07 
3.36 
3.00 
3.14 
6.36 
6.29 
5.93 
6.07 
6.64 

Table 10 - Orisinal scores (Expriment 21 
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Wld Comp Strs Time TkDe Inp MnEf Resp Fb Perf Nat Rank Exce 
Comp .99 
Strs .99 .99 

4 Time .99 .97 .98 
TkDe .98  .99 .99 .96 
Inp .99 .99 .98 .97 .98 
MnEf .93 .96 .92 .88 .94 .95 
Resp .98 .97 .99 .97 .99 .98  .90 
Fb .81 .86 .86 .78 .86 .82 .79 .83 (all are significant) 
Perf .94 .95 .97 .90 .97 .94 .89 .96 .90 
Nat .96 .96 .96 .94 .95 .94 .88 .95 .87 .96 
Rank .95 .87 .93 .79 .95 .77 . 7 7  .94 .78 .97 .87 
Exce .98 1.0 .98 .96 .99 .99 .97 .97 .86 .95 .95 .88 

MDS dimensions ( "-"'s are not significant) 
D1 .98 .95 .95 .97 .94 .97 .79 .94 .76 .88  .92 .95 .97 
D2 .57 .57 .65 .48 .50  .59 .lo- .58 .37- .47 .57 .59 .44 

Tracking Error ( "*' I  ' s are *significant I 
Rms .35 .32 .46 .35 .40 .26 . 08  .47 .66* .58" .57 .47 .30 

Memory Performance (none is significant) Ac 
Acc .12 .16 .14 .17 .13 .19 .14 . 08  .38 . 08  .09 . 0 5  .15 

b 

......................................................................... 

......................................................................... 

......................................................................... 

RT .ll .lO .09 .09 .14 .18 .09 .12 .15 .15 .13 .12 .ll -.15 

Table 11 - Correlation among unidimensional ratings , Performance, 
and MDS dimensions (Ekperiment 2 )  



Yeh & Wickens 36 

Experiment 1, performance r a t h e r  than sub jec t i ve  r a t i n g s  were dr iven more 

by t h e  compet i t ion f o r  common resources i n  t h e  i n p u t  modal i ty  pool. 

The compet i t ion f o r  output resources d i d  no t  show any e f f e c t  on 

e i t h e r  P o r  S. The compet i t ion f o r  i n p u t  resources a f f e c t e d  performance. 

Subjects performed b e t t e r  when t h e  two tasks d i s t r i b u t e d  demand over 

v i sua l  and aud i to ry  resources than when both tasks demanded v isual  

resources (F(1,6)=9.59, p < 0.05). 

such an e f f e c t .  However, t h e  i n t e r a c t i o n  i n  t h e  d i s s o c i a t i o n  ANOVA was 

not s t a t i s t i c a l l y  s i g n i f i c a n t .  

suggests i n  general t h a t  t h e r e  were l i t t l e  s u b s t a n t i a l  e f f e c t s  o f  

i npu t /ou tpu t  modal i ty  compet i t ion on e i t h e r  dependent var iab le.  

But, s u b j e c t i v e  r a t i n g s  d i d  not  show 

The p r o x i m i t y  o f  a l l  vectors t o  each other  

S i m i l a r i t y  Judgment Analys is  

Two dimensions were d isc losed by the  STNDSCAL method and are p l o t t e d  

i n  F igu re  6 .  As i n  F igu re  4, each s i n g l e  task c o n f i g u r a t i o n  i s  

represented tw ice  s ince d i f f e r e n t  r a t i n g s  were made f o r  i t s  performance 

w i t h  t h e  l e f t  and r i g h t  hand. The VAF by t h e  two-dimensional s o l u t i o n  was 

0.69. Dimension 1 was h i g h l y  c o r r e l a t e d  w i t h  every unidimensional r a t i n g s  

(Table 11). Th i s  ( h o r i z o n t a l )  dimension i s  r e l a t e d  t o  resource demand. 

Highly  p o s i t i v e  weights were associated w i t h  tasks t h a t  demand less  

resources. Negative weights were r e l a t e d  t o  tasks t h a t  demand more 

resources. 

s t ress,  task d i f f i c u l t y  , i nput complexi ty , and response complexity . This  

dimension was no t  orthogonal t o  t h e  f i r s t  dimension since t h e  c o r r e l a t i o n  

between t h e  two dimensions was 0.48. Locat ions o f  t h e  tasks i n  t h e  

s p a t i a l  representat ion i n d i c a t e  t h a t  t h i s  dimension i s  r e l a t e d  t o  

processing codes. 

weights were associated w i t h  memory search tasks (verbal  codes). Negative 

weights were associated w i t h  con f igu ra t i ons  t h a t  i nvo l ved  t r a c k i n g  tasks 

Dimension 2 was c o r r e l a t e d  w i t h  r a t i n g s  on psychological  

P o s i t i v e  weights, zero weights, and s l i g h t l y  negat ive 

8 
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Dimension 1 

A: VM ( l e f t )  B: VS ( l e f t )  ' Ci AM ( l e f t )  D: AS ( l e f t )  
E:  VM ( r i g h t )  F: VS ( r i g h t )  G: AM ( r i g h t )  H: AS ( r i g h t )  
I :  1 s t  order, low bandwidth ( l e f t )  J :  1st order,  h igh  bandwidth ( l e f t )  
K: 1 s t  order,  low bandwidth ( r i g h t )  L: 1 s t  order,  h igh bandwidth ( r i g h t )  

M: VM + t r a c k i n g  
0: AM + t r a c k i n g  

Q: t r a c k i n g  + VM 
S: t r a c k i n g  + AM 
U: t r a c k i n q  + t r a c k j n q  

N: VS + t r a c k i n g  
P: AS + t r a c k i n g  

R: t r a c k i n g  + VS 
T: t r a c k i n g  + AS . 

Figure 6: SINDSCAL s o l u t i o n  f rom mult id imensional  s c a l i n g  data - 
Dimension 1 vs.  Dimension 2 (Experiment 2 )  
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( spa t i  a1 codes). A - in  Experiment 1, t h e r e  we 2 i n d i v i d u  1 d i f f e rences  

i n  weight ing t h e  two dimensions. 

dimension t o  judge t h e  s i m i l a r i t y .  Two subjects  used t h e  second dimension 

and t h e  other  two subjects  used both dimensions t o  judge t h e  s i m i l a r i t y  o f  

task d i f f i c u l t y .  

Three subjects  p r i m a r i l y  used t h e  f i r s t  

E xpe r i  me n t  3 

I n  t h i s  experiment, t h e  "Crash" task was employed w i t h  t h e  t r a c k i n g  

The crash task and t h e  f i r s t  order  t r a c k i n g  and t h e  memory search task. 

task were used as t h e  basel ine cond i t i on  from which t h e  d i f f i c u l t y  was 

manipulated. As i n  t h e  prev ious two experiments, demands upon var ious 

components o f  processing resources were sys temat i ca l l y  imposed by 

d i f f e r e n t  t a s k  combinations. The purpose of employing t h e  crash task was 

t o  r e p l i c a t e  and genera l ize r e s u l t s  f rom t h e  previous two experiments t o  a 

d i f f e r e n t  s p a t i a l  task.  

Method 

Subjects. E i g h t  subjects p a r t i c i p a t e d  i n  t h i s  experiment. F i v e  o f  

them had served as pa id  volunteers i n  t h e  f i r s t  two experiments. 

-- Crash task. Subjects responded t o  t h i s  task manually o r  w i t h  speech. 

They were i n s t r u c t e d  t o  en te r  t h e i r  judgments on a f ive-key keyboard or t o  

speak t h e i r  answers as q u i c k l y  and as accurate ly  as poss ib le .  When t h e  

answers were spoken, subjects  were t o l d  t o  leave a s l i g h t  pause between 

t h e  two judgments i n  order  t o  avoid t h e  l i m i t a t i o n  o f  speech recogn i t i on  

u n i t .  

The d i f f i c u l t y  o f  t h e  task was manipulated by t h e  degree o f  

perceptual d i s c r i m i n a t i o n  i n  t h e  second judgment. Th is  task was always 

performed w i t h  t h e  r i g h t  hand. 

Tracking task.  The dynamics o f  a v e r t i c a l  t r a c k i n g  task was e i t h e r  

f i r s t  o r  second-order. This task was always performed w i t h  t h e  l e f t  hand. 
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S ternberq memory -- search task. The f o u r  versions o f  t h e  Sternberg 

39 

task (i.e., VM, VS, AM, and AS) were employed. Subjects e i t h e r  pressed a 

key w i t h  t h e  l e f t  hand o r  vocal ized t h e i r  responses. 

-- Dual task. The easy crash task was p a i r e d  w i t h  e i t h e r  t h e  

f i  rs t -order ,  o r  t h e  second-order t r a c k i n g  task. 

crash task e i t h e r  manually o r  w i t h  speech i n  these two condi t ions.  The 

easy crash task was a l so  performed w i t h  one o f  t h e  f o u r  versions o f  t h e  

memory search task.  

responded manually t o  t h e  crash task. 

Subjects responded t o  t h e  

I n  these f o u r  dual-task condi t ions,  subjects  always 

A summary o f  a l l  of t h e  

experimental condi t ions i s  shown i n  Table 12. 

Procedure. Subjects were t r a i n e d  on t h e  crash task du r ing  t h e  f i r s t  

I n  these sessions, f i v e  separat ion ranges were randomly chosen two days. 

w i t h i n  a two-minute t r i a l .  

t h e  end o f  i n t e r c e p t  incidence dur ing a t r i a l .  A f t e r  these two t r a i n i n g  

sessions, subjects  p r a c t i c e d  a l l  t h e  tasks f o r  another th ree  

Feedback on t h e  two decis ions was d isp layed a t  

days. Accuracy o f  t h e  f i r s t  dec is ion and t h e  p rox im i t y  o f  t h e  second 

dec is ion ( c o r r e l a t i o n  between t h e  actual  and sub jec t ' s  es t ima t ion )  were 

presented t o  t h e  subject  a t  t h e  end o f  each t r i a l .  

sessions, subjects  performed and ra ted  a l l  tasks i n  t h e  same way as they 

d i d  i n  t h e  second experiment. 

were asked t o  r a t e  t h e  importance o f  t h e  19 f a c t o r s  shown i n  Table 4 t o  

t h e i r  d e f i n i t i o n  o f  mental workload. 

Dur ing t h e  l a s t  t h r e e  

A t  t h e  end o f  t h e  l a s t  session, subjects  

Resul ts 

C o r r e l a t i o n a l  Analys is  

(A )  Tes t - re tes t  r e l i a b i l i t y .  As i n  t h e  previous two experiments, 

most subjects  were more consis tent  on r a t i n g  tasks a t  t h e  end o f  a session 

than a t  t h e  end o f  a t r i a l .  

unidimensional a t t r i b u t e s  was 0.70. The o v e r a l l  r e l i a b i l i t y  o f  

The o v e r a l l  r e l i a b i l i t y  o f  r a t i n g  f o u r  



~ 

Yei & Wickens 

I. Single task condition 

Easy Crash task with manual response - Cr (m) 
Easy Crash task with speech response - Cr ( 8 )  
Difficult Crash task with manual response 
Difficult Crash task with speech response 
1st-order tracking 
2nd-order tracking 
VM 
VS 
AM 
AS 

11. Dual task conditions 

(11) 1st-order tracking with Cr (m) 
(12) 1st-order tracking with Cr ( S I  
(13) 2nd-order tracking with Cr ( m )  
(14) 2nd-order tracking with Cr ( 8 )  
(15) VM + Cr (m) 
(16) VS + Cr (in) 
(17) AM + Cr (in) 
(18) AS + Cr (m) 

Cr(m) - 
Cr(s) - 
Tr 1 - 
Tr 2 - 
VM 
VS 
AM - 
AS - 

- - 

Crash task with manual response 
Crash task with speech response 
1st-order tracking task 
2nd-order tracking task 
visual-manual version of the memory task 
visual-speech 
auditory-manual 
auditory-speech 

Table 12 - Experimental conditions (Experiment 3) 
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corresponding r a t i n g s  a t  t h e  end o f  a session was 0.89. The o v e r a l l  

r e l i a b i l i t y  o f  r a t i n g  t h e  e i g h t  a t t r i b u t e s  a t  t h e  end o f  a session was 

0.89. The averaged r e l i a b i l i t y  o f  s i m i l a r i t y  judgment was 0.76 (Table 

13). 

(B) C o r r e l a t i o n  among unidimensional - r a t i n g s  -- and - w i t h  performance. 

As i n  previous experiments, t h e  i n t e r - s c a l e  c o r r e l a t i o n  o f  t h e  mean 

r a t i n g s  across subjects  were q u i t e  h igh  (Table 14). 

h igh  c o r r e l a t i o n s  suggest t h a t  sub jec t i ve  workload may r e f l e c t  a summation 

demand o f  every aspect o f  i n fo rma t ion  processing. 

Once again, these 

Examining t h e  raw performance and sub jec t i ve  r a t i n g s  i n  Table 15, i t  

is c l e a r  t h a t  o b j e c t i v e  and sub jec t i ve  workload was increased by a l l  

d i f f i c u l t y  manipulat ions. Tracking e r r o r  increased i n  t h e  second-order 

t r a c k i n g  task and when t r a c k i n g  was performed w i t h  t h e  easy crash task.  

Also, t h e  d i f f e rence  between f i r s t  and second order  t r a c k i n g  was enhanced 

i n  t h e  dual task condi t ions.  However, as shown i n  Table 14, RMS e r r o r  was 

not  s i g n i f i c a n t l y  c o r r e l a t e d  w i t h  any undimensional ra t i ngs .  

The accuracy o f  t h e  f i r s t  judgment o f  t h e  crash task d i d  not  decrease 

i n  t h e  d i f f i c u l t  o r  t h e  dual-task condi t ion,  nor were t h e  mean accuracy 

data c o r r e l a t e d  w i t h  any unidimensional ra t i ngs .  The p rox im i t y  judgment 

of t h e  second dec is ion decreased i n  t h e  d i f f i c u l t  crash task, bu t  not i n  

t h e  dual -task condi t ions.  This  performance was not  re1 ated t o  work1 oad 

r a t i n g ,  b u t  was associated w i t h  t h e  r a t i n g s  o f  feedback adequacy. 

React ion t i m e  o f  t h e  crash task increased i n  t h e  d i f f i c u l t  as w e l l  as i n  

t h e  dual-task condi t ions.  This  performance was marg ina l ly  c o r r e l a t e d  w i t h  

r a t i n g s  on task demand, task d i f f i c u l t y ,  and psychological  stress.  

React ion time, but  no t  accuracy o f  t h e  memory search task changed 

s i g n i f i c a n t l y  when t h e  memory task was p a i r e d  w i t h  t h e  easy crash task. 

Ne i the r  performance measure was s i g n i f i c a n t l y  co r re la ted  w i t h  any unidimensional 

r a t i n g s .  
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Scale 

Overall workload 
Complexity 
Psychological stress 
Time-demand 
Task demand 
Input complexity 
Mental effort 
Response complexity 
Rank order 

at the end of a trial 

0.76 
0.85 
0 . 5 5  
0.72 

at the end of a session 

0.87 
0.92 
0.90 
0.86 
0.84 
0.91 
0.88 
0.88 
0.92 

( all are significant at p ( 0.01 1 

Table 13 - Test-retest reliability (Experiment 3) 
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Wld Comp Strs Time TkDe Inp MnEf Resp Fb Perf Nat Rank Exce 
Comp .99 
Strs .99 .99 
Time .99 .99 .99 
TkDe .99 .99 .99 .99 
Inp .99 .99 .98 .99 .99 
MnEf .96 .97 .97 .96 .97 .98 
Resp .99 .97 .98 .99 .99 .98 .94 

Perf .95 .96 .93 .95 .94 .96 .93 .92 .77 (all are significant) 
Nat .97 .99 .96 .98 .97 .98 .95 .97 .74 .99 
Rank .95 .97 .96 .97 .98 .97 .93 .97 .73 .96 .97 
Exce .99 .98 .99 .99 .99 .98 .96 .99 .63 .94 .97 .96 

MDS dimensions (all are significant) 
D1 .95 .95 .97 .94 .95 .96 .97 .93 .60 .88  .91 .96 .95 
D2 .59 .60 .53 .63 .58 .60 .48 .63 .53 .70 .70 .53 .61 

Crash Performance ( 'I*" ,s are significant 1 Ac Cor 
Ac .23 .21 .23 .22 .21 .25 .23 .27 .04 .25 .26 .20 .23 
Cor .01 .12 .06, .01 .01, .03 .01 .07 .61 .22 .19 .09, .09 -.01, 

Tracking Error (none is significant) 
Rms .28 .12 .10 .20 .ll .23 . 08  .35 .62 .ll .21 .13 . 2 0  

Memory Performance (none is significant) Ac 
Ac .27 .45 .27 .48 .38 .56 .25 .38 .15 .31 .33 .38 .28 

' F'b .63 .71 .62 .66 .68 .68 .73 .61 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

RT .47 .49 .51 .48 .52 .44 .46 .47 .18 .33 .42 .55 .47 - . 5 5  -.11 .............................................................................. 

.............................................................................. 

RT .13 .34 .18 .41 .30 .37 .ll .46 .48 .34 .42 .35 .21 -.56 

Table 14 - Correlation among unidimensional ratings , Performance, 
and MDS dimensions (Experiment 3 )  



1st-order Tr 0.16 
2nd-order Tr 0.29 
Easy Cr(m) 
Easy Cr(s) 
Difficult Cr(m) 
Difficult Cr(s) 
Tr 1 + Cr(m) 0.27 
Tr 1 + Cr(s) 0.25 
Tr 2 + Cr(m) 0.43 
Tr 2 + Cr(s) 0.42 
VM 
vs 
AM 
AS 
VM + Cr 
VS + Cr 
AM + Cr 
AS + Cr 

99.33 
95.56 
99.02 
95.10 
99.15 
95.37 
97.71 
92.47 

97.86 
98.98 
96.30 
97.07 

0.89 
0.89 
0.75 
0.74 
0.88 
0.86 
0.83 
0.88 

0.89 
0.85 
0.87 
0.87 

3.27 
3.38 
3.48 
3.53 
3.33 
3.58 
3.34 
3.65 

3.56 
3.57 
3.59 
3.60 

97.39 0.90 
96.84 1.13 
97.28 1.36 
95.93 1.08 
95.77 1.22 
94.08 1.40 
95.48 1.65 
96.85 1.33 

3.29 
5.43 * 
3.29 
3.29 
4.29 
4.71 
5.71 
5.71 
7.86 
8.00 
2.71 
2.71 
2.57 
2.57 
6.29 
6.43 
5.71 
5.71 

Table 15 - Original scores (Ekperiment 3 )  
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Performance -- and Sub jec t i ve  Workload - Analys is  

O r i g i n a l  scores are presented i n  Table 15. Decrement scores were 

computed from t h e  appropr ia te s i n g l e  task c o n f i g u r a t i o n  and normalized f o r  

each dependent va r iab le  f o l l o w i n g  t h e  procedures o u t l i n e d  above. 

data a re  presented i n  F igu re  3c. Dissoc iat ions were found i n  t h e  f o l l o w i n g  

comparisons: 

These 

(1)  Second-order t r a c k i n g  versus t r a c k i n g  time-shared w i t h  an easy 

crac,h tdsk (F(1,7) = 17.11, p < 0.01). As was found i n  both Experiments 1 

and 2, a s t rong  d i s s o c i a t i o n  was shown i n  c o n t r a s t i n g  d i f f i c u l t y  

manipulat ion v i a  t h e  s i n g l e  task o r  through adding another task. 

Subjects '  performance decrements were lower bu t  sub jec t i ve  workload was 

h igher  when t ime  shar ing a f i r s t - o r d e r  t r a c k i n g  task w i t h  an easy crash 

task, than when performing a second-order t r a c k i n g  task. 

d i ssoc ia t i on ,  however, was no t  r e p l i c a t e d  i n  t h e  comparison between t h e  

d i f f i c u l t  crash and t h e  crash task time-shared w i t h  t h e  t r a c k i n g  task. 

This  

(2 )  Second-order t r a c k i n g  versus d i f f i c u l t  crash task (F(1,7) = 

12.61, p < 0.01). With equal l e v e l  o f  sub jec t i ve  workload, performance i n  

t h e  d i f f i c u l t  t r a c k i n g  task c o n d i t i o n  was worse than t h a t  i n  t h e  d i f f i c u l t  

crash task condi t ion.  Stated d i f f e r e n t l y ,  i nc reas ing  t h e  complexi ty o f  

t he  crash task had a r e l a t i v e l y  greater  impact on sub jec t i ve  r a t i n g s  (per  

given l o s s  i n  performance), than inc reas ing  t h e  order o f  t rack ing .  

(3 )  D i f f i c u l t  crash versus crash time-shared w i t h  memory search task 

(F(1,7) = 11.39, p < 0.05). Performance decrements were approximately 

equiva lent  under these two manipulat ions w h i l e  sub jec t i ve  r a t i n g s  were 

s i g n i f i c a n t l y  h ighe r  i n  t h e  dual- task condi t ion.  

( 4 )  Crash task  (manual) t ime-shared w i t h  f i r s t - o r d e r  t r a c k i n g  versus crash 

(manual) t ime-shared w i t h  a VM memory search task (F(1,7) = 8.84, p < 0.05), a VS 

memory search task  ( F ( 1 , 7 )  = 5.24, p < 0.11, a AM memory search task (F(1,7) = 16.4, 

p < 0.015), and a AS memory search task (F(1,7) = 8.184, p < 0.025). Performance 
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decrements were higher when t h e  crash and t r a c k i n g  task were time-shared 

competing f o r  resources o f  s p a t i a l  codes, than when t h e  crash and memory 

task were shared, d i s t r i b u t i n g  t h e  demand over s p a t i a l  and verbal codes. 

However, sub jec t i ve  workload was n o t  a f f e c t e d  by t h e  amount o f  resource 

compet i t i  on. 
8 

Two dimensions were se lected t o  represent t h e  psychological  s t r u c t u r e  

o f  a l l  tasks.  The VAF by t h i s  two-dimensional s o l u t i o n  was 65%. The 

f i r s t  dimension was r e l a t e d  t o  t h e  resource cost. Negative weights were 

associated w i t h  tasks t h a t  demand fewer resources. 

r e l a t e d  t o  tasks t h a t  demand more resources (F igu re  7). 

1 and 2, t h e  second dimension was associated w i t h  processing codes. 

Negative Dimension 2 weights were associated w i t h  con f igu ra t i ons  t h a t  

included a memory task (verbal  codes). Conf igurat ions t h a t  inc luded 

s p a t i a l  codes ( t r a c k i n g  o r  crash task ) ,  were l oca ted  i n  t h e  upper h a l f  o f  

t h e  space. The c o r r e l a t i o n  between t h e  two dimensions was 0.36. Thus, 

t h e  two dimensions were not  completely orthogonal. 

d i f f e r e n t  i n  weight ing these two dimensions. .Three subjects  p r i m a r i l y  

used t h e  f i r s t  dimension, two used t h e  second dimension, and t h e  others 

used both dimensions t o  judge t h e  s i m i l a r i t y  o f  task d i f f i c u l t y .  

P o s i t i v e  weights were 

As i n  Experiments 

I n d i v i d u a l s  were a l s o  

Importance o f  19 Factors t o  Subjects '  D e f i n i t i o n  -- o f  Mental Workload - - _  I 

Among t h e  19 fac to rs ,  t h e  f o l l o w i n g  ones were chosen as a pr imary 

element by most subjects:  (1) task  demand-amount, ( 2 )  f a t i gue ,  ( 3 )  

environment, ( 4 )  performance, and ( 5 )  emotional s t ress.  These f i v e  

f a c t o r s  had h i g h  f a c t o r  loadings i n  t h e  seven factors  suggested by Har t  e t  

a l .  (1982). 

Discussion 

I n  summary, data f rom t h e  t h r e e  experiments showed t h e  f o l l o w i n g  
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res u 1 t s : 

(1) Subjects are consis tent  and r e l i a b l e  on t h e i r  workload ra t i ngs .  

Although both post t r i a l  and post session r e l i a b i l i t i e s  were high, most 

subjects were more r e l i a b l e  when r a t i n g  a task a t  t h e  end o f  a session 

than a t  t h e  end o f  a t r i a l .  When subjects  r a t e  a task a t  t h e  end o f  a 

t r i a l ,  they may i n t r o s p e c t  t h e  immediate experience. 

experience may f l u c t u a t e  whenever t h e r e  i s  a change i n  t h e  e f f o r t  

investment, mot ivat ion,  o r  t h e  d i f f i c u l t y  o f  a p a r t i c u l a r  memory set .  

When subjects  r a t e  a task a t  t h e  end o f  a session, t h e  task i s  ra ted  i n  

t h e  context  o f  a l l  tasks performed and i s  t h e r e f o r e  more o f  a r e l a t i v e  

than an absolute judgment. 

The immediate 

( 2 )  There i s  a h i g h  c o r r e l a t i o n  between t h e  transformed r a t i o  and 

i n t e r v a l  ra t i ngs .  This  r e s u l t  suggests t h a t  these two r a t i n g  methods 

prov ide e s s e n t i a l l y  t h e  same r e s u l t s .  The c o r r e l a t i o n s  among r a t i n g s  on 

unidimensional a t t r i b u t e s  are a l so  very high. These h i g h  c o r r e l a t i o n s  

suggest t h a t  sub jec t i ve  workload may r e f l e c t  t h e  combined estimates o f  

demand on every aspect o f  i n fo rma t ion  processing. 

(3)  R e p l i c a t i n g  D e r r i c k ' s  (1984) f i nd ings ,  a robust d s s o c i a t i o n  i s  

found by manipulat ing task d i f f i c u l t y  v i a  t h e  s i n g l e  task h igh bandwidth, 

second order  t rack ing,  o r  d i f f i c u l t  crash task )  o r  through adding another 

task (dual -ax is  t rack ing ,  t r a c k i n g  t ime-shared w i t h  memory o r  crash task 

o r  p r e d i c t o r  t r a c k i n g  i n c l u d i n g  t h e  shar ing o f  s p a t i a l  resources between 

two d i sp lay  elements). Th is  d i s s o c i a t i o n  i n d i c a t e s  t h a t  P i s  d r i v e n  more 

by i nc reas ing  t h e  d i f f i c u l t y  o f  a s i n g l e  task w h i l e  S i s  d r i v e n  r e l a t i v e l y  

more by t h e  number o f  concurrent tasks. This  d i s s o c i a t i o n  i s  observed 

across d i f f e r e n t  manipulat ions i n  the  t h r e e  experiments. 

( 4 )  A second robust d i s s o c i a t i o n  i s  observed by manipulat ing resource 

competit ion. Resul ts suggest t h a t  P i s  d r i v e n  more by compet i t ion between 
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tasks  f o r  common resources (e.g., dual -ax is  t rack ing,  t r a c k i n g  w i t h  

crash),  whereas S appears t o  be r e l a t i v e l y  i n s e n s i t i v e  t o  t h e  degree of 

resource compet i t ion between tasks. Simply t ime-shar ing two tasks, 

whether common o r  separate resources are demanded, i s  s u f f i c i e n t  t o  c rea te  

a h i g h  l e v e l  o f  sub jec t i ve  workload. The only  instance where t h i s  

Separate d i s s o c i a t i o n  was only  weakly observed occurred i n  Experiment 2. 

comparisons revealed t h a t  performance d i s t i ngu ished  perceptual  

compet i t ion,  w h i l e  sub jec t i ve  r a t i n g s  d i d  not. However, t h i s  d 

was no t  revealed by t h e  s t a t i s t i c a l  i n t e r a c t i o n ,  nor was any ev 

d i s s o c i a t i o n  f o r  output compet i t ion obtained. 

ssoci  a t  i on 

dence o f  a 

( 5 )  A weak d i s s o c i a t i o n  i s  observed by i nc reas ing  d i f f i c u l t y  t h a t  

imposes response load  versus i nc reas ing  d i f f i c u l t y  by imposes 

pe rcep tua l / cogn i t i ve  load. 

observed by manipulat ing c o n t r o l  order versus bandwidth. From prev ious 

dual-task studies,  i t  has been shown t h a t  con t ro l  order imposes demand on 

pe rcep tua l / cogn i t i ve  as w e l l  as response load  w h i l e  bandwidth increases 

response load on ly  (Wickens, 1976; Wickens & Derr ick ,  1980; I s r e a l ,  

Chesney, Wickens, & Donchin, 1980). Thus, subjects  f e l t  more loaded when 

performing a second-order t r a c k i n g  task which increases 

pe rcep tua l / cogn i t i  ve demand when performing a h igh bandwidth t r a c k i n g  task 

which imposes on ly  on response resources. 

was not  found when performance was contrasted against  r a t i n g s  on i n p u t  

complexity , response complexity , o r  t i  me-demand. A second apparent 

man i fes ta t i on  o f  t h i s  d i s s o c i a t i o n  was found i n  Experiment 3 i n  which t h e  

second order  task, demanding perceptual  response r e l a t e d  resource, 

showed a r e l a t i v e l y  smal ler  i n f l u e n c e  on S, than d i d  t h e  d i f f i c u l t  crash 

task, whose added demands were almost exc lus i ve l y  perceptual .  

I n  t h e  f i r s t  experiment, t h i s  e f f e c t  i s  

Note t h a t  such a d i s s o c i a t i o n  

The above t h r e e  d i s s o c i a t i o n  e f f e c t s  conf i rm two p r e d i c t i o n s  of t h e  
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theory: ( i )  Parameters o f  a s i n g l e  task i n f l u e n c e  P more than S and t h i s  

d i f f e rence  i s  more pronounced i f  the  task i s  degraded by imposing demands 

on responding, r a t h e r  than on perceptual  / c o g n i t i  ve processing. 

number of concurrent tasks increase S and decrease P, bu t  t h e  former by a 

greater  degree than t h e  l a t t e r .  

(i i ) The 

(6)  When subjects  perform a second-order t r a c k i n g  task w i t h  a 

p red ic to r ,  t h e i r  performance i s  f a c i l i t a t e d  w h i l e  t h e i r  o v e r a l l  workload 

i s  no t  reduced. 

d r i ven  by t h e  number o f  separate d i sp lay  elements j u s t  as i t  i s  by t h e  

number o f  task.  This  increase i n  number when t h e  p r e d i c t o r  i s  present 

compensates f o r  any reduct ion i n  perceived d i f f i c u l t y  t h a t  might r e s u l t  

from t h e  useful lead in format ion prov ided by t h e  p red ic to r .  A second 

i n t e r p r e t a t i o n  i s  t h a t  t h e  p r e d i c t o r ,  by p rov id ing  more use fu l  s t imulus 

i n fo rma t ion  a c t u a l l y  leads t h e  subject  t o  i n v e s t  more resources i n t o  t h e  

task. 

harm performance, i t  w i l l  lead t o  greater  values o f  - S. Resul ts cons is ten t  

w i t h  t h i s  i n t e r p r e t a t i o n  were obtained by V i d u l i c h  (1983), who found t h a t  

increased i n c e n t i v e s  t o  perform w e l l  on a t r a c k i n g  task increased 

performance, bu t  a l s o  increased sub jec t i ve  workload. 

One i n t e r p r e t a t i o n  o f  t h i s  d i s s o c i a t i o n  i s  t h a t  S i s  

While greater  resource investment may help, and c e r t a i n l y  does no t  

( 7 )  The under l y ing  s t r u c t u r e  o f  s u b j e c t i v e  percept ion o f  task 

d i f f i c u l t y  i s  r e l a t e d  t o  resource cost. Two dimensions are c o n s i s t e n t l y  

found from t h e  MDS analys is  across t h r e e  experiments. One dimension i s  

associated w i t h  t h e  t o t a l  resource cost, and a second i s  r e l a t e d  t o  t h e  

processing codes. 

seemingly r e l a t e d  t o  resource compet i t ion was found. These r e s u l t s  

converge w i t h  D e r r i c k ' s  f ind ings,  i n  revea l i ng  t h a t  t h e  under l y ing  

s t r u c t u r e  o f  sub jec t i ve  workload i s  no t  one-dimensional, and may be 

p a r t i a l l y  i n t e r p r e t e d  w i t h i n  t h e  framework o f  t h e  m u l t i p l e  resource 

I n  add i t i on ,  i n  Experiment 1 a t h i r d  dimension 
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theory.  Furthermore, t h e r e  a re  i n d i v i d u a l  d i f f e rences  i n  weight ing each 

dimension i n  pe rce i v ing  task d i f f i c u l t y .  

Systematic research i s  needed t o  understand exac t l y  how s u b j e c t i v e  

workload r e l a t e  t o  every resource dimension i n  t h e  m u l t i p l e  resource model 

and t o  v e r i f y  t h e  theory proposed i n  t h i s  paper. 

d i s s o c i a t i o n  e f f e c t s  found i n  t h i s  study i n d i c a t e  a l i m i t a t i o n  o f  

p r e d i c t i n g  performance from sub jec t i ve  r a t i n g s  o f  workload alone. 

though sub jec t i ve  workload may indeed represent a valuable t o o l  t o  

f a c i l i t a t e  system design, t h i s  measure may not  i n d i c a t e  some aspects o f  

human in fo rma t ion  processing which are important t o  system performance and 

safety.  The s t rong  d i s s o c i a t i o n  r e s u l t e d  from manipulat ing d i f f i c u l t y  of 

a s i n g l e  task suggests t h a t  designers can choose a non-optimal system 

because a bias.  When designers are guided by t h e  c r i t e r i o n  o f  min imiz ing 

sub jec t i ve  r a t i n g s  o f  mental workload i n  t h e i r  s e l e c t i o n  o f  opt imal 

systems, they w i l l  be biased i n  t h e i r  choice away from those systems t h a t  

may have m u l t i p l e  tasks, and may be b l i nded  t o  t h e  p a r t i c u l a r  advantages 

t o  performance r e s u l t i n g  f o r  separate resources. I n  contrast ,  they w i l l  

be biased toward those con f igu ra t i ons  t h a t  i nvo l ve  s i n g l e  tasks, even 

though t h e  l a t t e r  may produce r e l a t i v e l y  poorer performance. This  b i a s  

my be more pronounced i f  t h e  s i n g l e  tasks are h e a v i l y  response loaded. 

Since system performance i s  t h e  u l  t imate c r i  t e r i  on agai n s t  which systems 

must be judged, i t  i s  v i t a l l y  impor tant  t h a t  t h e  user o f  sub jec t i ve  

r a t i n g s  be aware of t h e  biases against  c e r t a i n  generic classes o f  tasks 

t h a t  may be induced. 

Nevertheless, t h e  

Even 
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